The development of phosphorylation state-speciWc antibodies (PSSAs) in the 1980s, and their subsequent proliferation promised to enable in situ analysis of the activation states of complex intracellular signaling networks. The extent to which this promise has been fulWlled is the topic of this review. I review some applications of PSSAs primarily in the assessment of solid tumor signaling pathway activation status. PSSAs have received considerable attention for their potential to reveal cell type-speciWc activation status, provide added prognostic information, aid in the prediction of response to therapy, and most recently, demonstrate the eYcacy of kinase-targeted chemotherapies. However, despite some successes, many studies have failed to demonstrate added value of PSSAs over general antibody immunohistochemistry. Moreover, there is still a large degree of uncertainty about the interpretation of complex and heterogeneous staining patterns in tissue samples and their relationship to the actual phosphorylation states in vivo. The next phase of translational research in applications of PSSAs will entail the hard work of antibody validation, gathering of detailed information about epitope-speciWc lability, and implementation of methods for standardization.
Introduction
Reversible protein phosphorylation was discovered over 50 years ago by Fischer and Krebs, during their studies on the enzyme glycogen phosphorylase (Fischer and Krebs 1955) . Phosphorylation and its reverse reaction, dephosphorylation, are carried out by over 500 kinases (Manning et al. 2002 ) and a smaller number of phosphatases, respectively. An explosion of work on kinases, phosphatases and their numerous protein substrates has generated an immense body of biochemical knowledge; a current PUB-MED search using the search term "phosphorylation" Wnds over 150,000 articles. Until the development of phosphorylation state-speciWc antibodies (PSSAs), however, the study of protein phosphorylation required radioactive phosphate incorporation assays and was largely limited to biochemistry labs. PSSAs made possible the study of protein phosphorylation in situ, allowing cell biologists, histologists and pathologists at least a static view of dynamic protein phosphorylation reactions in the spatially complex structures of cells and tissues. In this review I focus on recent advances in applications of PSSAs, focusing on studies of solid tumors that include immunohistochemical approaches. I will then address some technical and practical limitations in the methodology, and suggest future directions to improve the data arising from use of these reagents.
Historical aspects of the development of PSSAs were discussed in a previous review (Mandell 2003) . One key reference omission in that article, however, was the Wrst report of a PSSA, which recognized the phosphorylated form of a substrate of cGMP-dependent protein kinase (Nairn et al. 1982) . This was one piece of a large body of work by Paul Greengard's group on protein phosphorylation in the nervous system, recognized with the awarding of a Nobel prize in 2000 (De Camilli and Carew 2000) .
The number of commercially available PSSAs has steadily grown, as has the number of publications utilizing these reagents in immunohistochemical applications (Fig. 1) . Despite this growth, there are still many unanswered questions about the robustness and reproducibility of immunohistochemical assays of protein phosphorylation, which will be discussed. The focus will be on immunohistochemical studies of human solid tumors over the past 5 years. Studies reviewed include novel morphological observations on cellular signaling pathway activation, as well as the potential for PSSAs to provide prognostic information, prediction of response to targeted therapies, and post-treatment assessment of response to therapy. Due to space limitations only a sampling of the large body of work is discussed here.
The dream
In the realm of solid tumor assessment, the dream oVered by PSSAs is the ability to provide robust multiparameter measurements of intracellular signaling pathway status, in a way that provides prognostic, predictive, and/or therapeutic information to the clinician. An example of a multiparameter panel of PSSAs applied to a human glioblastoma is shown in Fig. 2 (unpublished data). In this case, overexpression of total EGFR was present (compared to no signal in adjacent nonneoplastic brain). In addition, strong tyrosine phosphorylation of the receptor was found at Tyr1173 but only focal weak phosphorylation at Tyr1068. Downstream kinases ERK and mTOR show strong cytoplasmic phosphorylation in a subset of tumor cells, whereas the transcription factor CREB is strongly phosphorylated in the majority of tumor cells. Phospho-Histone (H3) is an indicator of mitotic activity. Phosphorylation of the actin-associated proteins Ezrin/Radixin/Moesin, potential mediators of tumor invasiveness, is strong in all cells. Finally, a generic anti-phospho-tyrosine antibody is used to assess the general preservation of tyrosine phosphorylation in this tumor sample. In the dream, we can provide quantitative measures of protein phosphorylation, both in terms of percent of protein phosphorylated, as well as in terms of percent cells positive (above a stated threshold). Additionally, the analysis will include information about subcellular localization of the phosphoepitopes under study. All this information is then entered into an algorithm that classiWes the tumor among others of its general type, providing the oncologist with robust and clinically useful information about the activation proWle of signaling networks in this patient's tumor. But now we must awaken.
The reality
PSSAs as prognostic markers A central question in the Weld is whether knowledge about the phosphorylation (activation) state of a protein, in addition to its general level of expression, provides nonredundant information. Several studies on human solid tumors, most focusing on EGFR family members, have begun to address this question. Because immunohistochemistry for total EGFR failed to demonstrate prognostic importance in non-small cell lung carcinoma (NSCLC), it was hypothesized that information about the activation (phosphorylation) of EGFR could reveal prognostic signiWcance. To address this, immunohistochemistry for total and phospho-EGFR as well as phospho-STAT3 was performed on archival NSCLC cases. Of the EGFR-expressing tumors, approximately 1/3 showed pEGFR immunoreactivity, but the presence of pEGFR did not provide statistically signiWcant prognostic information (Cortas et al. 2007) .
In a similar study on locally advanced breast cancer, total EGFR expression correlated with negative hormone receptor status, and was associated with signiWcantly worse relapse-free survival. However, the authors found no association of phospho-EGFR with outcome (Nieto et al. 2007) .
A large body of evidence indicates that mutated BRAF and NRAS contribute to the genesis and growth of melanomas, presumably by activation of the extracellular signalregulated kinase (ERK) pathway. The presence of phosphorylated ERK1/2 was analyzed in 170 melanomas with established NRAS/BRAF mutational status. The authors found notable heterogeneity of phospho-ERK staining with Fig. 1 Continuous growth of publications with immunohistochemical applications of PSSAs. A Google Scholar Advanced search (full text search) using the Boolean search: {("phosphospeciWc" OR "phosphospeciWc" OR "phosphorylation-speciWc" OR "phosphorylation statespeciWc") AND "immunohistochemistry"} revealed a continuous increase in the annual number of publications including these key phrases in the full text content. The apparent slight decline in 2007 is likely due to the restricted full text access of many journals in the Wrst year after publication only a minority of tumor cells positive in most cases. Moreover, the percentage of phospho-ERK-positive tumor cells did not correlate with prognosis (Houben et al. 2008) .
A frequently overlooked phenomenon is staining of nontumor stromal cells and the vasculature with PSSAs. A large body of evidence points at the tumor microenvironment as critical to oncogenesis (Roskelley and Bissell 2002) . In addition, vascular-targeted therapies are now in common use, making PSSA assessment of stromal cell and vascular cell signaling a possibly ripe area of investigation. Mouse xenograft studies were performed with tumors that produced TGF-alpha, stimulating endothelial cells to express and activate EGFR (Kuwai et al. 2008) . EGFR blockade in these tumors lead to endothelial cell apoptosis and subsequent tumor necrosis. Importantly, tumor xenografts in which TGF-alpha was knocked down with shRNA did not stimulate endothelial EGFR activation, and these tumors were resistant to therapy. Based on this and other similar studies, the assessment of human tumor endothelial cell EGFR, PDGFR or VEGFR activation status could provide clinically valuable information, but to date has not been speciWcally analyzed.
Because the activation of mitogen-activated protein kinase (MAPK) and members of the Akt pathway can promote glioblastoma cell proliferation, survival, and resistance to radiation, assessment of signaling pathway activation was undertaken in a series of these tumors. Elevated p-MAPK was most strongly associated with poor response to radiotherapy. Elevated p-mTOR, p-p70S6K, and p-MAPK were associated with shorter survival. However, only p-MAPK proved to be an independent prognostic factor after factoring for other clinical variables (Pelloski et al. 2006) .
Another study from the same group found that among tumors lacking EGFRvIII expression (a truncated and mutationally activated form of the receptor), the status of phospho-AKT and phospho-ERK was prognostically signiWcant. However, when EGFRvIII was expressed these markers did not provide additional prognostic power (Pelloski et al. 2007 ). It seems likely that the EGFRvIIInegative tumors represent a more heterogeneous group from the standpoint of molecular pathogenesis and thus beneWt more from subclassiWcation using phospho-ERK and phospho-AKT assessment. Akt and ERK phosphorylation was investigated by immunohistochemistry in patients with with lymph nodenegative breast cancer. P-Akt, but not p-ERK correlated with HER-2/neu overexpression and was related to reduced tumor apoptosis. No association was found between pAkt or pERK with cell proliferation assessed by Ki67 and mitotic count. P-Akt status proved to be a statistically signiWcant independent prognostic factor (Schmitz et al. 2004) . Similarly, a study on head and neck squamous cell carcinomas (HNSCC) found that Akt phosphorylation (Ser 473) correlates with poor prognosis (Massarelli et al. 2005) .
Numerous studies have documented the overexpression of the p53 tumor supressor protein in human tumors. P53 function is regulated not only by protein levels, but also by phosphorylation state, which determines stabilization and protection against mdm-2. With this in mind, a study investigated phosphorylation at Ser15 and Ser392 in squamous carcinoma and precursor lesions. Although not tested for prognostic value, the Wndings revealed diVerential staining patterns with the two PSSAs, suggesting that high levels of Ser392 phosphorylation is an early change in the pathogenesis of SCC (Matsumoto et al. 2004 ). However, a study on gastroesophageal adenocarcinomas showed no correlation of p53 phosphorylation (Ser15) with p53 mutation, and no correlation with survival. In this setting, analysis of p53 phosphorylation did not appear to have obvious clinical utility. (Puhringer-Oppermann et al. 2006) .
A study on prostate cancers examined the phosphorylation Akt and relevant downstream substrates glycogen synthase kinase 3, mTOR, and the forkhead transcription factor-like 1 (FKHRL1). Although most tumors showed elevated phosphorylation of PKB/Akt in the malignant tissue compared with the surrounding benign tissue, only increased phosphorylated-FKHRL1 levels correlated with clinical progression (Jendrossek et al. 2008) . Immunohistochemical analysis of renal cell carcinomas pAkt and pS6 was found to be independent prognostic factors (Pantuck et al. 2007) .
Because activation of Akt was documented in hormonerefractory prostate cancer (HRPC) and can result in phosphorylation of the androgen receptor (AR), IHC analysis of the phosphorylation status of Akt and AR was tested in a series of prostate cancer tumors. In the hormone-refractory cases, phosphorylated AR (pAR) was associated with worse prognosis (McCall et al. 2008) .
Endocrine therapy is an important treatment option for women with estrogen receptor (ER)-positive breast cancer. Information about the activation state of ER could in theory provide more clinically useful information than mere protein expression. A study of ERalpha serine (Ser) 118 and ERalpha Ser167 revealed that low phosphorylation of ERalpha Ser118 and high phosphorylation of ERalpha Ser167 were associated with signiWcantly improved disease-free and overall survival. (Yamashita et al. 2008 )This is a good example of another overlooked aspect, namely careful assessment of dephosphorylation of speciWc epitopes.
Overexpression or activation of the transcription factor c-Jun has been implicated in the pathogenesis of several types of cancer. Phospho-c-Jun staining was correlated with signiWcantly shorter overall survival (Kuo et al. 2006 ).
PSSAs as predictive markers
A large number of studies have examined the role of immunohistochemical tests forErbB-2 (Her2/Neu) as predictive markers for therapeutic responses of breast cancer to antiHer2 antibodies, culminating in an FDA-approved test (Thor 2001) . A logical hypothesis was that assessment of the activation (tyrosine phosphorylation) of Her2 would provide added predictive information. However, immunohistochemistry with the anti-phospho-ErbB-2 antibody had no added beneWt to identify those patients most likely to beneWt from increased doses of adjuvant chemotherapy (DiGiovanna et al. 2008) . However, a similar study but in a diVerent subgroup of breast cancer patients did Wnd clinical utility of PSSAs. The phosphorylation status of Her-2 and EGFR was assessed in Her-2-overexpressing tumor samples from trastuzumab-treated metastatic breast cancers. The presence of ptyr-1248 Her-2 and ptyr-845 or ptyr-1173 EGFR was a strong predictor response of both to anti-Her2 treatment. ptyr-845 EGFR and ptyr-1248 Her-2 were both independent predictors of progression-free survival (Hudelist et al. 2006) . The rapid growth of clinical trials of targeted chemotherapeutics will make the development and validation of reliable PSSA IHC testing a high priority for the next decade.
PSSAs as indicators of therapeutic eVect
An exciting area application for PSSAs is the assessment of activity in post-treatment tumor samples. As a Wrst step towards clinical application, animal tests were performed using JNJ-10198409, an inhibitor of PDGFR in a nude mouse xenograft model of human colon cancer. The phosphorylation status of phospholipase Cgamma1 (PLCgamma1) was used as a marker of activation of the PDGFR signaling cascade. By using a pair of antibodies in serial sections, one for total (phosphorylated and unphosphorylated forms) and the other for the phosphorylated form of PLCgamma1 (ph-PLCgamma1), an immunohistochemical ratio assay was achieved. Impressively, the authors showed statistically signiWcant, dose-dependent diVerences in the phospho/total PLCgamma1 ratio among the four treatment groups (vehicle, 25, 50, and 100 mg/kg b.i.d.). This study should serve as a model for future work in animal models as well as in the more complex and heterogeneous human samples (D'Andrea et al. 2005) .
A neoadjuvant trial of rapamycin was recently completed in patients with recurrent glioblastoma, whose tumors lacked expression of the tumor suppressor PTEN. Several interesting observations were noted. The magnitude of mTOR inhibition (measured by S6 protein phosphorylation) varied substantially. Also, rapamycin treatment led to Akt activation in seven patients, which was associated with shorter time-to-progression (Cloughesy et al. 2008) .
Radiation therapy has profound eVects on cell signaling pathways, underlying some aspects of its therapeutic activity. A study of ERK phosphorylation in colorectal cancer revealed that most patients who were phospho-ERK positive before RT converted to ERK negativity after RT (Corn et al. 2008 ). Although intriguing, further studies are needed to determine if measurement of phospho-ERK can be predictive of response or an indicator of the eVect of to radiation therapy.
The use of surrogate cells, obtained noninvasively, to assess chemotherapeutic activity would be a boon for oncologists and much preferred by patients. Buccal mucosa cells were tested as a model in which to assess geWtinib activity in patients with advanced non-small cell lung cancer (Loprevite et al. 2007 ). Pretreatment and post-treatment cells were tested for expression of p-EGFR, p-ERK and p-AKT. Baseline p-AKT expression, but not that of EGFR, p-EGFR, and p-ERK showed a potentially predictive role, although the study did not reach statistical signiWcance. Further work on buccal cells and other possible surrogate cells will be a fruitful area.
New technologies

Quantitative image analysis
Like any immunohistochemical assay, a frequent bottleneck is the unbiased scoring of staining intensity, percent positive cells, and subcellular localizations. Application of an immunoXuorescence-based quantitative image analysis system (AQUA) to the study of AKT phosphorylation (Ser473) revealed the marker as a strong negative prognostic factor in oropharyngeal squamous cancer (Yu et al. 2007) . Future applications of this and other image analysis methods using ratio imaging of phospho-to total protein immunoreactivity, as achieved with cultured cells (Mandell and Banker 1996) could provide a readout of relative (%) phosphorylation, more appropriate for comparisons of multiple samples in which the total amount of the phosphoprotein could vary. FRET Fluorescence resonance energy transfer (FRET) involves the transfer of energy from an excited donor molecule to a nearby (<7 nm) spectrally overlapping acceptor. Although most widely applied to the study of interacting engineered autoXuorescent proteins, FRET can be used to measure the proximity of two appropriately labeled antibodies. Proofof-principle of this method was obtained in cancer cell lines using the acceptor photobleaching Xuorescence resonance energy transfer imaging approach to measure the phosphorylation state of EGFR (Keese et al. 2005) . In a study on head and neck cancers, a generic anti-phospotyrosine antibody and an anti-EGFR antibody were successfully used to measure EGFR phosphorylation (Kong et al. 2006) . FRET eYciency correlated with worsening disease-free survival but not with overall survival. FRET-based methods are much more technically challenging than traditional immunohistochemistry but have some potential advantages. One is the measurement of phosphorylation for proteins for which no good PSSAs are available, by means of a pair of a general (protein-speciWc) antibody and a generic anti-phosphotyrosine, phosphothreonine, or phosphoserine antibody. The other is the inherent quantitative nature of the measurements. Finally, the method can potentially be used to measure the binding interactions of any pair of molecules in tissue Wxed tissue samples.
The hard work ahead: antibody validation and phosphoepitope characterization An obvious need for PSSAs, as well as for the entire Weld of immunohistochemistry, is improved antibody validation. A good example of the multiple approaches necessary to truly validate antibodies for quantitative immunohistochemistry was recently published for the case of C-Met (Pozner-Moulis et al. 2007 ). Much more work will be needed to bring the validation of a large set of PSSAs. Ideally, information gleaned from these types of studies can be made available to the research community via public websites, such as the Abminer site hosted by the National Cancer Institute (http://discover.nci.nih.gov/abminer/).
Because reversible protein phosphorylation is inherently labile, the use of PSSAs requires an additional set of assurances beyond those for general IHC antibodies. For example, surgically excised tissues are often kept at ambient temperatures for long periods in the operating room or in surgical pathology labs during the busy workday. A largely unaddressed issue is the relative stability/lability of various phosphoepitopes ex vivo. We initiated a pilot investigation by growing xenografts in nude mice, excising the tumors, and either Wxing immediately, or delaying Wxation for four hours (Fig. 3) . We were encouraged that some markers, such as phospho-CREB (Ser133) showed no obvious loss of phosphoepitope content at 4 h. However, others, such as phospho-NFkappaB (Ser276) did show apparent loss of immunoreacitivity especially in the interior portions of the tumor. Much more work is needed to quantify phosphoepitope lability using both quantitative western blotting and parallel IHC. If sentinel antibodies sensitive to the general state of cellular phosphorylation levels can be identiWed, for example, total phosphotyrosine, phosphothreonine, or phosphoserine content, this could provide assurance of reasonable preservation of in vivo phosphorylation states.
Conclusions
The past 5 years has seen an explosion in the number of immunohistochemical applications of PSSAs, especially in the assessment of human solid tumors. Although it seems logical that knowledge about protein phosphorylation state should provide information above and beyond total protein expression levels, a signiWcant number of studies have shown no added beneWt of assessing phosphorylation compared to general antibody IHC. However, enough studies do seem to indicate added prognostic, predictive, and therapeutic monitoring information to warrant further eVorts. Without better antibody validations and careful characterization of individual phosphoepitopes in controlled model systems, it will not be possible to properly interpret immunohistochemical results with these potentially powerful reagents. 
